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A COMPARISON OF THE EFFECT OF T E ~ E ~ T U R E  ON THE CREVICE 
BREAKDOWN AND REPASSIVATION POTENTIALS OF WROUGHT AND 

WELDED ALLOY 22 IN 5 M CaCIz 

G. 0. Ilevbare 

Lawrence Livermore National Laboratory 
7000 East Ave, L-63 1, Livermore CA 94550 

ABSTRACT 

The study of the electrochemical behavior of wrought and welded Alloy 
22 was carried out in 5 M CaC12 at various temperatures. Comparisons 
were made between the electrochemical behaviors of the wrought and 
welded forms of Alloy 22 Multiple Crevice Assembly (MCA) specimens. 
The susceptibility to corrosion was found to increase with increase in 
temperature in both the wrought and the welded forms of the alloy. 
Nevertheless, degree of susceptibility was found to be similar in both the 
wrought and welded. 

INTRODUCTION 

Alloy 22 (N06022) is a nickel alloy rich in chromium and molybdenum, with a high 
degree of corrosion resistance. It exhibits a low general corrosion rate under most 
conditions and has formidable localized corrosion resistance in most environments 
compared with other nickel alloys 11-81. Consequently, Alloy 22 has emerged as the 
leading candidate for the fabrication of high-level nuclear waste containers, containers 
that are intended for use for disposal of high-level radioactive waste and spent nuclear 
fuel. On July 23, 2002, The United States Congress approved the site at Yucca 
Mountain, Nevada, for development as a repository for disposal of these materials. 

Since welding will be used to close the waste containers, it is important to fully 
characterize and understand the electrochemical behavior of the welds and the areas 
adjoining the welds. One way of doing this would be to compare the behavior of non- 
welded (wrought) Alloy 22 to that of a welded material to determine whether there is 
increased susceptibility to corrosion in the welded zones and areas adjacent to the welded 
zones, 

The study of the effect of temperature on the corrosion properties of the alloy is 
important since during the projected 10,000-year service life, the containers will pass 
through a heat gradient produced by the nuclear reactions taking place in the waste. 
Temperatures will be high (above the boiling point of water) in the early service life of 
the ~ o n t ~ n e r s ,  while lower tem~ratures will prevail much later due to radioactive decay. 
At this later stage, there is a possibility of ground water contacting the containers. 

Highly concentrated chloride-only environments are not representative of Yucca 
Mountain environments. However, the effect of important individual anions (like Cl-), 



which could impact the performance of the containers, must be understood. Crevice 
corrosion is a concern in C1' environments [2-41. Consequently, the study of the crevice 
corrosion behavior of Alloy 22 in the wrought and welded forms has been carried out in 5 
M CaC12 using a multiple crevice assembly (MCA) sample configuration. This 
con~guration was optimized for the study of crevice corrosion as it provides 24 potential 
crevice generation sites on a surface area of less than 10 cm2. The temperature range of 
study was between 45 and 120 "C. 

EXPERIMENTAL PROCEDUW 

The material used in this study is Alloy 22 (N06022). Alloy 22 samples were 
fabricated from wrought and welded sheet specimens. The chemical cornposition as 
documented by the supplier appears in Table 1. The composition is consistent with 
ASTM-B 575 (for plateshheets) standard [9, 101. The Multiple Crevice Assembly 
(MCA) specimens look like lollipops [2]. The design was optimized for the study of 
crevice corrosion so that most of the working surface was covered by the crevice former. 
The working surfaces of the MCA samples were used in the as-received state after 
degreasing with acetone and methanol. In the as-received state, the working surfaces of 
the MCA samples were finished to a root mean square (RMS) roughness factor of 
between 2 and 4 with an air formed oxide film. During fabrication, the MCA samples 
were cut with an electro discharge machine (EDM). The edge (surface 90 degrees in 
angle to the working surface) of the sample was therefore left with a much rougher 
surface finish (Figure 1). Owing to this, the character of the oxide film on the edge of the 
specimen might be different from that of the working surface. This edge was removed by 
polishing with 600-grit Sic  paper on all the welded samples, as well as on all the wrought 
samples tested at 120 "C, 4 of the 6 tested at 45 OC, and 2 of the 6 tested at 60 OC. All the 
wrought samples at 75 and 90 "C were not ground at the edges. Leaving the rough edge 
on some specimens enabled the study of the effect of the rough EDM finish edge on the 
electrochemical response of the samples. The welded MCA specimens were identical to 
the wrought specimens. The band of weld metal on the samples was co-axial with the 
hole in the middle of the specimen, and covered an area on working surface that was at 
least 1 cm wide and extended across the entire face of the specimen on which the crevice 
formers were assembled. The welds were made by gas tungsten arch welding (GTAW). 
The rest of the Multiple Crevice Assembly (MCA) consisted of Titanium (Ti) grade 2 
nuts, bolts and washers, as well as ceramic crevice formers with multiple ridges, The 
bolts were Teflon wrapped to prevent these hardware components from being in electrical 
contact with the specimen. Each crevice former had a total of 12 ridges on it, creating 12 
different potential crevice sites on each face of the specimen, and a total of 24 potential 
sites in each assembly [2]. The assembly was tightened to a torque of 70 in-lb. Teflon 
tape inserts were placed between the ceramic crevice former and the MCA sample prior 
to tightening. This was done to fill in the micro voids created by the micro-rough 
surfaces of the sample and the ceramic crevice former, and to increase the reproducibly 
of the tight crevices in all samples, The total surface area of the MCA specimen 
immersed in the electrolyte was 7.43 cm2. This surface area estimates included the area 
under the 24 ridges of the crevice formers, which had a combined surface area of 1.6 cm2. 
In current density estimations, the surface area of 7.43 cm2 was used for calculations. 



A three-electrode cell with a capacity of loo0 cm3 was used for experimentation. The 
volume of electrolyte in the cell was about 900 cm3. A saturated silver/silver chloride 
(SSC) (AglAgCl) electrode was the reference electrode (RE). The RE was maintained 
near room temperature by mounting it at the end of a Luggin probe, which had a water- 
cooled jacket around it. The temperature of the water pumped through the cooling jacket 
was about 12 "C. Thermal liquid junction calculations showed that potential variation 
caused by this phenomenon was in the order of mV (-10 mV maximum). Also, 
according to ~acdona ld  et al., a high KCI concentration in the reference electrode tends 
to suppress thermal liquid junction potentials across the boundary between the high and 
low temperature solutions [ 111. The liquid junction potential variations were therefore 
ignored in further analyses. The counter electrode was made of platinum (Pt) foil. The 
temperature of the electrolyte was maintained by means of an oil-filled heating bath. The 
sample was immersed into the cell after the electrolyte had attained the desired 
temperature. The temperature was taken before and after the experiment with a 
the~ocouple  immersed into the electrolyte. Electrochemical measurements were carried 
out using a potentiostat. The corrosion potential (Eco,) was monitored for 24 hours. This 
was followed by cyclic potentiodynamic polarization measurements immediately 
afterwards. Cyclic polarization was started approximately 100 mV below Ecom, and 
continued until the current density from the sample reached a maximum of up to 30 
mAcm'*, or a maximum of 1.3 V (SSC) before the scan was reversed. The sweep rate in 
the forward and backward directions was 0.1667 mVs-' (600 mVh-I). Deaerated 5 M 
CaClz with a pH of about 6 was used on the two sample configurations, at various 
temperatures in these experiments. Nitrogen gas (Nz) was bubbled through the 
electrolytes for at least one hour before and throughout the experiments at a rate of 100 cc 
per minute. All electrolytes were prepared using certified American Chemical Society 
(ACS) grade chemicals. 

E X P E ~ ~ N T A L  RESULTS 

The Corrosion Potential (Econc) 

Figure 2 shows a summary of the average E,, values between 45 "C and 120 OC for 
wrought and welded samples of Alloy 22. The error values shown are the standard 
deviations of the distributions. Figure 2 shows that the values from the wrought and 
welded metals cannot be separated with confidence. There was a difference of 
approximately 60 mV between the highest and lowest average E,,, values recorded in 
Figure 2. Econc does not seem to be affected by temperat~e on both the wrought and 
welded samples over the temperature range studied. The number of repeats which make 
the average values presented range from 2 to 8. E,, values were recorded at the 24-hour 
mark of the experiments and used to compute the averages shown. The progress of the 
Eco, did not follow a particular trend over the 24-hour period. On some samples, the E,,, 
stayed fairly constant, while on others, it either increased or decreased over the 24-hour 
period. This pattern was observed irrespective of the temperature and both the wrought 
and the welded samples. These 24-hour Econc transients are insufficient to predict what 
trend the evolution of the E,,, over longer exposure periods of time. 



The Breakdown Potential (Ec&)' 

Figures 3 and 4 show representative polarization curves at the extremes of the 
temperature range tested (45 and 120 "C) for the wrought and welded MCA samples. 
Both the wrought and the welded forms of Alloy 22 showed a similar behavior at the 
respective temperatures of 45 and 120 "C. In Figure 3, there is a drop in current density 
after an initial rise in current density at 45 "C. This drop in current density created an 
"anodic peak" or "hump". These current excursions could sometimes reach values of 
about 30 mAcq~-~.  Upon this drop in current density, the metal attained a passive state. 
The current density in this passive region sometimes fell to or below initial passive 
current density levels attained before the positive current excursion, suggesting that a 
reasonably good passive film had been formed. With the exception of one (of six) 
wrought sample tested at 60 "C, this behavior was observed on all the samples tested at 
45 and 60 "C on both the wrought and welded samples. It was observed on one specimen 
apiece on the wrought (1 of 6) and welded (1 of 2) at 75 O C .  A further increase in 
potential from the passive region resulted in another increase in the current density, 
signifying a breakdown of the oxide film. A reversal of the potential on for a backward 
sweep of the p~lar izat i~n produced no hystereses loop, usually an i n d i ~ a t i ~ ~  of 
transpassive, rather than localized breakdown. This behavior was not observed on any of 
the samples tested at 90 and 120 "C. 

A summary of the breakdown potentials (Ecfit) for both the wrought and the welded 
samples is presented in Figure 5, Two methods were used to determine Ec,it. In the first 
method (Method l), Ecrit was the potential at which the threshold current density of 
2 x Acm'* (20 p,Acm-2)2 was attained. This threshold value is arbitrary, and was used 
only as a reference point as a basis for comparison of the data in this paper. It bears no 
other significance. As seen from Figure 2, Method 1 did not take into account the 
decrease in current density after the "hump" of the curves at 45 "C (and at 60 "C), nor the 
fact that at higher temperatures (60 to 90 "C) especially in the samples with edges that 
were not ground, the current density in the passive region was generally above the 
threshold current density. In the second method (Method 2), Echt was taken as the 
potential that coincided with the onset of the first p e ~ a n e n t  rise in current density from 
the passive region. If the current density at the point of first permanent rise was less than 
20 pAcm-2, the potential was read at a point in the rise of the curve where the current 
density was at least 20 pAcm-2. An asterisk (*) is used to denote the €&fit values obtained 
by Method 2. 

Although the working surfaces of both the wrought and the welded samples were 
treated in the same way, the edges of the samples, which also contributed to the overall 
current density, were not. Therefore, the impact of this difference has to be understood 
before the data in Figure 5 can be properly assessed. Figures 6 and 7 shows the 
differences in the electrochemical behavior (at 45 and 60 "C) between wrought samples 

"Critical breakdown potential", ECdt, as employed here is used to denote the potentjai(s) at which the 
breakdown of the passive film occurs by any type of corrosion attack such as pitting corrosion, crevice 
corrosion, general dissolution, or transpassive dissolution occurs. 

At this current density, stable pitting or crevice corrosion would usually have commenced for various 
stainless steels, nickel and Alloy 22 1247, 12-14]. 
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that had their edges ground with W-grit S ic  paper and those that were not3. It is clear 
from the curves in Figures 6 and 7 at 45 and 60 "C respectively that specimens which did 
not have their edges ground posted a higher anodic current density in the initial part of 
the anodic region extending up to the anodic peak or "hump". The difference in the 
current density at the anodic peak could be as high as 2 orders of magnitude in the 
"hump" as observed in Figure 7. The potential at which passivation occurs could also be 
more anodic for the sample which was not ground compared with one which was. The 
passive current density was usually slightly higher with the specimens that were not 
ground, but sometimes similar in magnitude as seen in Figure 7. Clearly, any comparison 
made between Ec,it values of the wrought and welded specimens taken by method 1 
would be problematic. Nonetheless, Ecrit values taken by Method 2 might not be so 
problematic because in samples at 45 and 60 "C that experienced drops in passive current 
densities after an initial current excursion, the point of current increase is similar in both 
the ground and unground samples. This means that provide method 2 is used, values 
obtained at 45 and 60 "C may be compared while those at higher temperatures may not. 
A look at Figures 6 and 7 would also suggest that the crevice repassivation potential 
measured on the backward sweep of the curves may be compared since they seem to be 
unaffected by the finish of the edge of the sample. 

Figure 5 shows that the average value of Ecrit falls with increase in temperature. There is 
a convergence of the data taken by methods 1 and 2 on the welded sample at 75 "C. The 
values of Ecrit for the wrought and welded samples coincide at 120 "C showing that there 
is no difference in susceptibility to corrosion between the two types of specimen tested. 
Further analyses of the data showed that at 45 "C, the lowest tem~ra ture  tested, 
comparing only the samples that had their edges ground with method 1, Ecrit was 0.928 f 
0.019 VSSC for the wrought sample and 0.928 f 0.019 VSSC for the welded sample, and 
from method 2, were 0.121 f 0.01 11 VSSC and 0.255 f 0.598 VSSC respectively for the 
wrought and welded samples. At 60 'C,  also comparing only the samples that had their 
edges ground by method 1, the values for Ecrit were -0.143 f 0.083 VSSC and -0.205 I f I  
0.107 VSSC respectively for the wrought and welded samples. By method 2, the values 
were 0.878 & 0.040 VSSC and 0.765 f 0.1 12 VSSC respectively for the wrought and welded 
samples. These values show that the Ec,+, for wrought and welded specimens is 
statistically similar and cannot be separated with confidence at 45, 60 and 120 "C. This 
suggests that the GTAW welds on the Alloy 22 specimens did not exhibit any adverse 
effect with regard to corrosion susceptibility. 

The Repassivation Potential (b) 

The repassivation potential was taken as the potential that coincided with a current 
density of20 pAcm-* on the backward sweep of the cyclic polarization curves. Figure 8 
shows a summary of the repassivation potentials obtained from both the wrought and 
welded samples between 45 and 120 "C. On both the wrought and the welded samples, 
the repassivation potential E, decreased with increasing temperature. The values for the 
wrought and welded samples are also similar and cannot to be separated with confidence. 
Figure 9 shows Ecrit*, E, and EcOm for both the wrought and the welded samples. The 

Recall that all welded samples had their edges ground but only wrought samples tested at 120; 4 of 6 at 
45; and 2 of 6 at 60 "C were ground with frOO-grit S i c  paper. None of the wrought samples at 75 and 90 'C 
had their edges ground, 



values for Ecdt* and E, are close at 45,60 and 120 ‘C. There is a difference of about 150 
mVssc between Ecdt* and E‘p at 75 and 90 *C, with the value of E,~,* being lower, except 
at 75 OC on the welded sample where E,~t* is higher by about 150 mVssc. 

Under the e n v i r o ~ e ~ t a l  conditions in Yucca Mountain, it is unlikely that waste 
containers fabricated from Alloy 22 will ever be in contact with solutions of a chloride- 
only composition. For this reason, 5 M CaC12 (10 M Cl-) must be regarded as a 
theoretical extreme bounding environment. There is little possibility of 5 M CaC12 being 
present under normal real-life repository conditions in the absence of any other anions or 
oxyanions. Ground waters from Yucca Mountain contain an array of anions and 
oxyanions, which include N03- and SO2-, which have been found to inhibit localized 
orrosion in stainless steels and nickel [ 13-22]. Indeed, earlier work showed that Alloy 22 f s not susceptible to localized corrosion in simulated concentrated solutions that are 

relevant to the repository ground water [I]. 

The similarity in the values of the E,,, for the wrought and the welded samples over 
the temperature range tested suggest that there will be difficulty in creating and 
sustaining viable galvanic couples which could lead to breakdown of the oxide film either 
on the base metal or weld (de~nding  on which potential is higher). The reason for this is 
because the composition for the weld metal in the welded sample is similar to that of the 
base metal (Table 1). 

The higher current densities exhibited by the samples, which did not have the EDM, 
finished edged removed by grinding might be due to a combination of two facts. From 
Figure 1, it can be seen that the EDM finished edge of the sample is rougher than the 
working surface of the sample. This increased roughness would result in an increase of 
the surface area of the sample, which would in turn result in an increase in the current 
density calculated with a surface area assuming a fairly flat/smooth surface. However, 
this increase in surface area alone might not be sufficient to account for the high current 
densities observed. Another factor might be that the surface oxide in this region is more 
active than the rest of the sample because the oxide film has been altered by the EDM. 

The similarities in susceptibility and recovery of the wrought and welded versions of the 
samples are consistent with their similarities in composition (Table 1). The anodic peaks 
or “humps” exhibited by both the wrought and the welded versions of the sample at 45, 
60, and sometimes at 75 “C is not fully understood. However, there is some difficulty in 
reactivating the sites of breakdown after passivation has occurred. This suggests that a 
good passive film forms on the metal surface after the initial very high current excursion. 
Transpassive dissolution usually results in the breakdown of the film after passivation. 
This conclusion was arrived at through the observation of the surface of samples, which 
broke down in the potential region corresponding to the region of current rise in the 
anodic peak. It was observed that local damage was already present on these samples at 
potentials corresponding to these high current densities. The notion of transpassive 
breakdown is also supported by the identical breakdown potentials measured on both 
versions of the sample at 45 ‘C by method 2. Clearly, further work is needed especially 
in the area of surface analyses to increase understanding of what is happening. 



CONCLUSIONS 

1. There is little or no change in the E,,, of Alloy 22as a function of temperature 
on both the wrought and the welded samples with welds fabricated with Gas 
Tungsten Arch Welding (GTAW). 
Susceptibility to localized corrosion is similar on both the wrought and 
welded samples with welds fabricated with Gas Tungsten Arch Welding 
(GTAW) in 5 M CaCl2 between 45 and 120 O C .  

Ecrit is shifted to lower potentials as temperature increases. 
The repassivation potential is similar on both the wrought and welded samples 
with welds fabricated with Gas Tungsten Arch Welding (GTAW) in 5 M 
CaC12 between 45 and 120 'C. 

2. 

3. 
t4. 
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Figure 2. Ecom as a function of temperature on Figure 3: Polarization curves of Wrought and 
Wrought and welded MCA samples. Welded MCA samples in 5 M CaC12 at 45 'C. 
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Figure 6. Polarization curves comparing a 
sample with ground edges with one with 
edges with were not ground. Temperature: 45 
"C. 
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Figure 5. Average &it as a function of 
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with were not ground. Temperature: 60 "C. 
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